This investigation of the space-time progression of magmatism and hydrothermal activity in the Patagonia Mountains of southern Arizona is based on field and paragenetic relationships, and on U-Pb and 40 Ar/ 39 Ar geochronology of igneous and hydrothermal minerals. The Patagonia Mountains consist of Precambrian, Paleozoic, and Mesozoic sedimentary, granitic, and volcanic rocks, Laramide volcanic rocks, and a core of Laramide intrusions that comprise the Patagonia Mountains batholith. Laramide igneous rocks and adjacent Paleozoic and Mesozoic rocks contain significant porphyry Cu-Mo deposits, Mo-Cu breccia pipes, Ag replacement deposits, and numerous other Cu-Pb-Zn-Ag replacement and vein deposits. Ages of igneous and hydrothermal minerals from 20 U-Pb and 52 40 Ar/ 39 Ar determinations define four magmatic and magmatic-hydrothermal events that formed the batholith and altered parts of it and adjacent rocks; cumulatively the events span at least 16 m.y., from ~74 to 58 Ma. The oldest event of this succession includes the 74 Ma Washington Camp stock and spatially associated Cu-Pb-Zn-Ag replacement deposits in Paleozoic carbonate rocks of the Washington Camp-Duquesne district. Eruption of 73 to 68 Ma volcanic rocks in the northern part of the range was the next youngest event, which coincides temporally with replacement and vein deposits in Paleozoic carbonate rocks at the Flux mine (~71 Ma). An event at 65 to 62 Ma is marked by emplacement of small-volume quartz monzonite, granodiorite, and diorite intrusions, formation of the Ventura breccia deposit in Jurassic granite at 65 to 64 Ma, and formation of other Pb-Zn-Ag-Cu replacement and vein deposits (~62 Ma; Blue Nose and Morning Glory). The Red Mountain porphyry Cu-Mo system is hosted by ~62 Ma granodiorite and Laramide volcanic rocks (73-68 Ma) at the northern end of the batholith. It includes a deep, chalcopyrite-bornite resource (~60 Ma) that is associated with potassic and sericitic alteration and a near-surface chalcocite-enargite resource (60 Ma) that is associated with advanced, supergene-enriched argillic alteration.
Introduction
To determine the origin of porphyry Cu-Mo deposits and to explore for them effectively, the three-dimensional extent and space-time evolution of the hydrothermal systems that formed them need to be defined. In turn, the hydrothermal characteristics need to be linked in space and time to the evolution of the associated magmatic systems. Comprehension of the associated systems needs to range areally from deposit-to magmatic arc-scales and from the paleosurface to the mantle (e.g., Dilles et al., 2000; Tosdal and Richards, 2001; Seedorff and Einaudi, 2004; Audétat and Simon, 2012) . In practice, complexities abound in achieving these goals. Porphyry systems and magmatic arcs are variably eroded and structurally dismembered (e.g., Wilkins and Heidrick, 1995) , and genetically unrelated systems may overlap in space and time (e.g., Seedorff, 1991) . Porphyry intrusions tend to occur in clusters and, in some cases, the difference in ages of individual porphyries in a cluster is so large that links to a common shallow crustal magma chamber are precluded (Marsh et al., 1997; Perelló et al., 2008) . Consequently, detailed geochronology and compelling crosscutting relationships are critical in distinguishing magmatic and magmatic-hydrothermal events at scales of investigation from deposits to arcs.
The Laramide arc of southwestern North America is a major porphyry Cu province (e.g., Titley, 1982; Leveille and Stegen, 2012) , and segments of the province contain juxtaposed mineral resources for which temporal relationships have not been determined. The Patagonia Mountains in southern Arizona contain numerous Cu-Mo-Pb-Zn-Ag-Mn porphyry, breccia, vein, and replacement deposits ( Fig. 1 ; Table 1 ). Porphyry Cu-Mo deposits at Sunnyside and Red Mountain contain at least 2 Gt at >0.4% Cu. Other significant deposits are the Mo-Cu breccia pipes at Ventura and Red Hill and the Hardshell Ag-Mn replacement deposit. The Sunnyside and Red Mountain deposits are centrally located within separate, structurally intact, and relatively uneroded porphyry Cu-Mo systems, contrasting with the many systems in the southwestern United States that have been dismembered and tilted by postmineralization faults and partly to extensively eroded (Wilkins and Heidrick, 1995; Seedorff et al., 2005 Seedorff et al., , 2008 .
The Sunnyside and Red Mountain deposits were selected for identification of distal characteristics of porphyry Cu-Mo systems (system margins) and internal vectors within systems (system gradients), as part of a larger U.S. Geological Survey project on concealed mineral resources. Initial attention was focused on the Sunnyside system because of the abundance of accessible surface and subsurface geologic data. Available data include detailed geologic maps, alteration maps (Graybeal, 1973a; Simons, 1974; Huckins, 1975; Graybeal et al., in review) , and core from 12 diamond drill holes >5,000 ft (>1515 m) deep.
Early in the investigation of system margins and gradients it became apparent that the variety of metal deposits of the Patagonia Mountains records a complex metallogeny. The temporal relationships of many deposits and igneous rocks to the two porphyry systems were unclear. In order to constrain margins and gradients of individual porphyry Cu-Mo systems, the succession in time and space of all magmatic-hydrothermal events in the Patagonia Mountains had to be determined. This paper examines the space-time development of magmatism and hydrothermal activity in the Patagonia Mountains based on ages of igneous and hydrothermal minerals, igneous rock contacts, and parageneses of hydrothermal minerals in porphyry, breccia, vein and replacement deposits. The investigation documents four significant Laramide magmatichydrothermal events that minimally span 16 m.y., from ~74 to 58 Ma (Vikre et al., 2009) . This lengthy succession is comparable to other long-lived magmatic-hydrothermal successions that contain porphyry Cu-Mo systems, including the Wasatch-Oquirrh igneous trend, Utah; Boulder batholith, Montana; and Pima district, Arizona. The magmatic-hydrothermal events defined herein also provide (1) a temporal framework for genetic investigations of the varied types and styles of metal mineralization in the Patagonia Mountains, (2) metallogenetic characterization of porphyry Cu-Mo and other metal deposits for assessment of mineral resources in the southwestern United States and (3) guidance in formulation of exploration concepts through refinement of district and deposit zoning.
The Patagonia Mountains consist of Precambrian, Paleozoic, Mesozoic, and early Tertiary granitic, sedimentary, and volcanic rocks. Igneous rocks of the Patagonia Mountains vary in age from Precambrian to Miocene (Simons, 1972 (Simons, , 1974 . Only Laramide igneous rocks and older rocks affected by Laramide magmatic-hydrothermal events were addressed in this investigation. The term "Laramide," as used here in reference to igneous rocks and metal deposits, derives from the Laramide orogeny which began about 80 Ma and extended to about 40 Ma (Coney, 1971 (Coney, , 1976 Krantz, 1989) .
The Laramide rocks of the Patagonia Mountains were formed within a magmatic arc that extends spatially from Arizona to western New Mexico and northwestern Mexico (Dickinson, 1989; McMillan, 2004; Barra et al., 2005) . The Patagonia Mountains are located near the axis of the arc (Nickerson, 2012) , and reflect an eastward migration relative to the locus of mid-to Late-Cretaceous arc magmatism (Dickinson, 1989; Barton, 1996) . Some porphyry intrusions of the arc are associated with deposits of copper and other metals (Lang and Titley, 1998; Barton et al., 1995; Leveille and Stegen, 2012) .
Methods
The relative and absolute ages of Laramide magmatichydrothermal events were determined by field relationships, parageneses of hydrothermal minerals, and U-Pb and 40 Ar/ 39 Ar dating of igneous and hydrothermal minerals. Igneous zircons in intrusions were dated by the U-Pb method, and igneous biotite, hornblende, plagioclase, and sanidine were dated by the 40 Ar/ 39 Ar method. Zircon U-Pb analyses, and 40 Ar/ 39 Ar and K-Ar analyses of biotite and whole rocks were used to constrain the ages of volcanic rocks. Hydrothermal biotite, muscovite, adularia, and alunite were dated by the 40 Ar/ 39 Ar method to establish ages of hydrothermal mineral assemblages that include chalcopyrite, molybdenite, enargite, and other metal sulfide minerals of economic interest. Analytic data tables, Ar release spectra, isochrons, and zircon images (Appendix 1A-C) are available online.
Zircons were gravitationally concentrated from crushed and sized, 5 to 10 kg (~11-22 lb) rock samples. Approximately 20 to 30 crystals were isolated based on clarity and morphology, mounted in epoxy, and abraded to expose cores and tips of individual crystals. The chosen crystals were imaged by cathodoluminescence (CL) for selection of cores and tips for age determination. Uranium, Th, and Pb isotope abundances and ratios were measured by multiple-collector, laser-ablation, inductively coupled plasma-mass spectrometry (LA-ICP-MS) at the University of Arizona, using a spot diameter of 25 to 50 μm (Gehrels et al., 2006 (Gehrels et al., , 2008 Gehrels, 2010 (Simons, 1974; Huckins, 1975; Quinlan, 1986; Graybeal et al., in review) . Laramide granitic rocks include Tqfp (quartz feldspar porphyry) at Sunnyside, Tbg (biotite granodiorite), Tsy (syenodiorite), Tqmp (quartz monzonite and quartz monzonite porphyry), Tgd (granodiorite) of Red Mountain, Tg2 (granodiorite), Tbq (biotite quartz monzonite porphyry), and Tg1 (porphyritic biotite granodiorite) at Washington Camp. Laramide volcanic rocks include TKr (rhyolite) of Red Mountain, Ka (trachyandesite), and Kv (silicicintermediate volcanic rocks including biotite latite). (B) Significant porphyry Cu-Mo, Mo-Cu breccia, Cu-Pb-Zn-Ag-Mn replacement and vein deposits, and resources (Table 1) , other mines referred to in the text and tables, samples dated by the U-Pb and 40 Ar/ 39 Ar methods (Table 2A, measurement of 207 Pb in relatively young and generally low-U zircons. A common Pb correction was applied using the measured 204 Pb and assumption of initial Pb composition (Stacey and Kramers, 1975) Table 2A are weighted averages of individual spot analyses, and reported errors (2σ) include all known errors. 40 Ar/ 39 Ar ages were determined for separates of igneous and hydrothermal minerals recovered from ~1 to 5 kg (~2.2-11 lb) samples. New 40 Ar/ 39 Ar ages are given in Table   ⌃ A SUN06-90  B SUN08-216  C SUN07-208  D SUN07-206  E SUN08-219  F 083-11B  G DDH146  H DDH156  I SUN04-72  J SUN04-68  K SUN04-70  L SUN04-53  M SUN04-58  N SUN04-60  O SUN04-71  P SUN03-2  Q SUN04-74  R SUN06-91  S SUN03-17  T SUN03-13A  U SUN03-38  V SUN03-31  W SUN03-8  X SUN04-54  Y SUN03-25  Z SUN03-34   AA SUN03-5A  BB SUN03-32  CC PAT04-1  DD SUN04-62  EE SUN04-51  FF SUN04-52  GG SUN04-55  HH SUN03-6  I I PAT04-2  JJ SUN03-1C  KK SUN03-20D  LL SUN03-1B  MM SUN03-20C  NN SUN03-1A  OO SUN04-64  PP SUN03-1  QQ SUN03-5A  RR SUN03-29  SS SUN03-12B  TT SUN03-21  UU SUN11-289  VV SUN11- Table. Conventional K-Ar analyses involve isotope-dilution measurement of concentrations of radiogenic 40 Ar and chemical analysis of total K2O on separate splits of the samples for age calculation (Dalrymple and Lanphere, 1969) . Argon analyses are always single-step measurements of the total sample. 40 Ar/ 39 Ar analyses are performed by neutron irradiation of a single split of a sample, followed by simultaneous measurement of radiogenic 40 Ar and potassium-derived 39 Ar from neutron activation (e.g., Dalrymple and Lanphere, 1974; McDougall and Harrison, 1999) . In this investigation, 40 Ar/ 39 Ar experiments were performed as single-step fusion or incremental heating (multiple-step) experiments. Heating to release Ar was provided by laser, induction furnace, or resistance furnace. A series of incremental heating steps that comprises more than 50% of the total argon release, and in which each step gives an age within two standard deviations of the mean, defines a "plateau" age (Fleck et al., 1977) . Laser fusion and furnace experiments that release all Ar from the sample in a single heating step provide "laser-fusion" or "total-gas" ages. Ages calculated by mathematically recombining the Ar released in all steps of incremental-heating experiments are referred to as "integrated" ages. Uncertainties for all Ar ages are reported at 1 standard error of the weighted mean (Renne et al., 2009) on Table 2A and B.
Geology and Metal Deposits of the Patagonia Mountains
The geology of the Patagonia Mountains is dominated by a composite Laramide batholith (Fig. 1A) . The batholith is about 8 km wide at the international border and extends 19 km north of the border where it narrows and terminates against intrusion breccias, composed of Mesozoic granitic and volcanic rocks, formed during assembly of the batholith. Rocks along the western side of the batholith are largely Precambrian and Mesozoic granitic intrusions. Rocks along the eastern side are principally Paleozoic and Mesozoic sedimentary and volcanic rocks. Laramide intermediate to felsic lavas and volcaniclastic rocks at the north end of the Patagonia Mountains are exposed on and near Red Mountain. A Laramide diatreme filled with volcaniclastic rocks partly Notes: Most pre-1910 production was from oxidized ores, and all early records are incomplete; abbreviations: bn = bornite; cc = chalcocite; cpy = chalcopyrite; en = enargite; tn = tennantite.
overlies, and is genetically related to, the Sunnyside porphyry Cu-(Mo) system (Simons, 1972 (Simons, , 1974 Drewes, 1971 Drewes, , 1972 Drewes, , 1980 Huckins, 1975; Bussard, 1996; Vikre et al., 2009; Graybeal et al., in review) . The batholith is composed predominantly of granodiorite, quartz monzonite, quartz monzonite porphyry, and quartz feldspar porphyry (Tg/qm, Tqmp, and Tqfp, respectively; Fig. 1A ). These intrusions are termed large-volume intrusions throughout this paper to refer to relatively homogeneous granitic textured rocks that are contiguously exposed in an area that measures ~15 km north-south by <1 to 7 km east-west (~60 km 2 ; Fig.1A ). In the field modal compositions of largevolume intrusions are similar. Granodiorites are mediumdark gray and consistently equigranular. Quartz monzonite, quartz monzonite porphyry, and quartz feldspar porphyry are medium-light gray and slightly to extremely porphyritic (Graybeal, 1972) . Contacts between large-volume intrusions are often difficult to distinguish in the field, and many appear to be gradational. The batholith also includes smaller volumes of texturally, modally, and compositionally distinct, biotite granodiorite (Tbg), biotite quartz monzonite (Tbq), granodiorite (Tgd), syenodiorite (Tsy; Fig. 1A) , and other compositions mapped by Simons (1974) . These intrusions are termed small-volume intrusions throughout this paper, as exposures are mostly several thousand square meters or less. Many small-volume intrusions are too small to be shown at the scale of Figure 1A .
Large-volume and small-volume intrusions comprise a fairly linear trend of major element oxide compositions in which increasing SiO2 and K2O+Na2O correlate broadly with decreasing age (Fig. 2A) . Compositions of intrusions range from granodiorite to granite (Streckeisen, 1976 (Table 2A) . The major structure in the range is the NW-striking Harshaw Creek fault (Simons, 1972 (Simons, , 1974 Fig. 1A) . Rocks juxtaposed along this fault represent >3,000 m of high-angle stratigraphic separation. This fault projects into rocks that comprise the Sunnyside porphyry Cu-Mo system but cannot be traced through those rocks. Emplacement of the northwest-elongate batholith may have been controlled by a second fault (the Guajolote fault of Simons, 1974) now occupied by the batholith. Expression of this fault north of the batholith is a 7-km-long zone of prominent shears that are well exposed at the Three R mine (Three R shear zone; Fig. 1A, B) . A third fault with significant normal offset has displaced TertiaryQuaternary colluvial deposits downward on the northwestern side of Red Mountain relative to strongly altered volcanic rocks that comprise Red Mountain (Menges, 1981) . Regionally, the Patagonia Mountains lie along a well-defined alignment of porphyry Cu-Mo systems that extends northwest from the La Caridad mine in northern Sonora, Mexico to the Silver Bell mine in Arizona (Titley and Anthony, 1989; Graybeal, 1996) . This alignment also includes the Sunnyside and Red Mountain systems, the Sierrita, Mission, and Twin Buttes Cu-Mo deposits in Arizona, and smaller Laramide hydrothermal systems. The alignment of these systems and deposits, the elongation of numerous Laramide-age batholiths along this trend, and well-developed, premineralization faults and shear zones that parallel batholith aspect, imply the presence of a deep crustal structure of significant magnitude within the Laramide magmatic arc. A small part of this structure is represented by the Three R shear zone. Alternatively, the alignment reflects the trend of the Laramide magmatic arc and continental margin.
Large areas of disseminated pyrite and high-level, advanced argillic hydrothermal mineral assemblages in the northern part of the range are centered on the porphyry Cu-Mo systems at Red Mountain and Sunnyside, and along the Three R shear zone (Corn, 1975; Graybeal, 1996; Berger et al., 2003) . In the southern part of the range relatively deep and early potassic alteration assemblages (e.g., Four Metals, Santo Nino, and Line Boy mines; Fig. 1B ) and quartz-muscovitepyrite veins (E and S of Red Hill; Fig. 3 ) are exposed. The
Four Metals mine
Red Hill Graybeal, 1973b) , showing the Cu-Mo breccia at Red Hill (Four Metals mine), and locations and ages of igneous and hydrothermal minerals. Quartz-muscovite-pyrite veins (red lines) are up to 30 cm, and mostly dip northeast toward the more porphyritic phases of the quartz monzonite porphyry denoted by darker orange and red tones.
presence of deep-level assemblages in the southern part of the range, shallow-level hydrothermal assemblages in the northern part of the range, and N-dipping volcanic rocks on Red Mountain (Fig. 1A) indicate that the Patagonia Mountains has been tilted northward such that the northern end of the batholith is less exhumed than the southern end.
In addition to the Red Mountain and Sunnyside porphyry Cu-Mo systems, significant metal deposits and resources in the Patagonia Mountains include polymetallic carbonate replacement deposits in the Washington Camp-Duquesne district, at the Flux mine, and at the Mowry mine, the Ventura Mo-Cu breccia pipe, the Red Hill (Four Metals) Cu-Mo breccia pipe, the Hardshell Ag replacement deposit, the Three R Cu vein, and the Trench and World's Fair polymetallic veins ( Fig. 1B, C ; Table 1 ). Descriptions of the numerous small mines in the Patagonia Mountains are in Schrader (1915) , Carpenter (1940) , Kartchner (1944) , Baker (1962) , Moger (1970) , Moores (1972) , and Graybeal (1984) .
The Washington Camp-Duquesne district (Lehman, 1980) in the southeastern part of the Patagonia Mountains ( The Ventura Mo-Cu deposit, about 1.6 km west of the Sunnyside deposit (Fig. 1B) , is a northwest-elongate, steeply plunging breccia pipe that contains 3.6 Mt @ 0.24 wt % Mo and 0.24 wt % Cu within tens to hundreds of meters of the surface. The pipe occurs in Jurassic granite that has been partly altered to quartz, sericite (fine-grained white mica containing K), pyrite, and tourmaline, and contains quartz-muscovitepyrite veins. The pipe consists of angular to subrounded fragments of Jurassic granite in which feldspars have been largely replaced by muscovite and lesser kaolinite. Fragments are cemented by a vuggy matrix of coarse-grained quartz, biotite, muscovite (after biotite), pyrite, chalcopyrite, molybdenite, and barite, often as cm-size euhedrons. The molybdenum grade in the breccia decreases with depth coincident with an increase in copper grade. Brecciation diminishes downward over several hundreds of meters into potassically altered Jurassic granite, Mesozoic clastic rocks (Jg and JTvs, respectively, Fig. 1B ), and Laramide biotite granodiorite (Tbg; Fig.  1A ) that contain disseminated and vein chalcopyrite and molybdenite.
Red Mountain (Fig. 1B) is a vertically zoned porphyry Cu-Mo system that consists of advanced argillic alteration assemblages with enargite near the surface, and phyllic and potassic alteration assemblages with chalcopyrite and bornite at depth. Near-surface enargite has been partially enriched into a supergene chalcocite inventory (100-150 Mt @ 0.31 wt % Cu). The deep hypogene inventory, 385 Mt @ 0.58 wt % Cu, surrounds a higher-grade breccia pipe (49 Mt @ 1.14 wt % Cu; Table 1 ). Alteration assemblages and Cu-Mo mineralization are contained within felsic and intermediate volcanic rocks that have been intruded by dikes and irregular masses of granodiorite (Tgd; Fig. 1A ). More detailed descriptions of Red Mountain deposits are in Corn (1975) , Bodnar and Beane (1980) , Kistner (1984) , Quinlan (1986) , and Lecumberri-Sanchez et al. (2013) .
At Red Hill (Fig. 1B) , Cu was recovered at the Four Metals mine from the southwestern part of a near-vertical breccia pipe. The pipe consists of angular clasts of biotite-rich granodiorite up to 20 cm in dimension in a vuggy matrix of hydrothermal minerals. Matrix minerals are mm-to cm-sized, euhedral and subhedral quartz, biotite, K-feldspar, muscovite (after biotite), chalcopyrite, pyrite, anhydrite, gypsum, apatite, and molybdenite. The Red Hill (Four Metals) Cu-Mo inventory, 7.8 Mt @ 1.2 wt % Cu, 0.066 wt % Mo, and 0.08 oz/t Ag, includes unmined parts of the breccia pipe and surrounding granodiorite in which Cu has been partially enriched by replacement of chalcopyrite and pyrite by chalcocite. The pipe occurs at the transition from equigranular granodiorite to quartz monzonite porphyry. At this transition, prominent sets of subparallel, low-angle quartz-muscovite-pyrite veins dip toward the breccia pipe and the porphyritic quartz monzonite porphyry (Fig. 3; Graybeal, 1973a) .
The Sunnyside Cu-Mo deposit, about 4 km south of Red Mountain (Fig. 1B) , is within a vertically zoned porphyry system. Volcaniclastic deposits contemporaneous with mineralization have been preserved in this system. The surface deposits consist of tephra derived from multiple eruptions of quartz feldspar porphyry magma that filled phreatomagmatic explosion craters. The eruptions are associated with temporally and spatially distinct alteration mineral assemblages and at least three episodes of metal enrichment. Metal enrichment includes an early and deep (>600 m) chalcopyrite-molybdenite resource, a near-surface chalcocite (hypogene and supergene)-enargite-tennantite-covellite resource (<600 m), and late, deep to shallow veins containing molybdenite and veins containing sphalerite. Similar to Red Mountain, the near-surface chalcocite-enargite-tennantite-covellite inventory at Sunnyside (800 Mt @ 0.175 wt % Cu, 0.23 oz/t Ag; Graybeal and Vikre, 2010) occurs with advanced argillic mineral assemblages. These assemblages extend into Mesozoic rocks and overlie a phyllic alteration zone. Phyllic alteration overlies and is superimposed on, the deep vein and disseminated chalcopyrite-molybdenite inventory (1.5 Gt @ 0.33 wt % Cu, 0.011 wt % Mo, 0.16 oz/t Ag). The deep chalcopyritemolybdenite resource is in potassically altered quartz-feldspar porphyry and quartz monzonite porphyry. Copper-Pb-Zn-Ag replacement deposits occur in Paleozoic carbonate rocks adjacent to the eastern margin of quartz-feldspar porphyry. These replacement deposits are at the same elevation as the deep chalcopyrite-molybdenite resource (Graybeal, 1996) . Quartzfeldspar porphyry is represented by scattered small exposures (total ~0.2 km 2 ) in Alum Gulch and upper Flux Canyon ( Fig.  1A ; Graybeal, 1973a) , and has been penetrated to ~1,800 m in 5 drill holes. Exposures and drill holes imply a circular intrusion ~1.7 km in diameter (Fig. 1B) . Quartz monzonite porphyry is extensively exposed south of the Sunnyside system.
The Hardshell Ag inventory (314 Moz. Ag), about 3.2 km (2 mi) east of the Sunnyside system (Fig. 1B) , is a stratiform deposit, consisting of Ag-Mn-Pb-Zn oxide minerals and finegrained quartz. These minerals have replaced Mesozoic clastic rocks immediately above an unconformity with Paleozoic carbonate rocks (Koutz, 1984) . At the Three R Cu mine, 1.6 km northwest of the Sunnyside system (Fig. 1B) , highgrade supergene chalcocite (9% Cu) was recovered from NW-trending quartz-pyrite veins (Handverger, 1963 ) with a protore grade of 0.04 wt % Cu. The Three R Cu inventory, 79 Mt @ 0.32 wt % Cu, consists of supergene chalcocite derived from enargite in Jurassic granite above mine workings. At the Flux mine, 2.3 km north of the Sunnyside system, Cu, Pb, Zn, and Ag were recovered from a north-striking vein in Mesozoic clastic rocks and from skarn in an exotic landslide block of Paleozoic carbonate rocks in Jurassic sedimentary and volcanic rocks (Simons et al., 1966) . At the World's Fair mine, 2.1 km northeast of the Sunnyside system, Cu, Pb, Zn, Ag, and Au were recovered from a NW-trending, high-angle vein in propylitized trachyandesite. The Trench mine, immediately east of Sunnyside, encompasses several NW-trending veins in propylitized trachyandesite that were mined for Cu, Pb, Zn, Ag, and Au. The Mowry mine, about 6 km (3.5 mi) southeast from Sunnyside, produced Pb and Ag from Mn-rich deposits in a fault that separates Paleozoic carbonate rocks from Precambrian granitic rocks, and from replacement deposits in Paleozoic carbonate rocks (Schrader, 1915; Smith, 1956) . Mowry is the site of the first recorded mine production in the Patagonia Mountains.
Ages of Igneous and Hydrothermal Minerals
Definition of Laramide magmatic-hydrothermal events in the Patagonia Mountains requires temporal resolution of the following: (1) the emplacement, cooling, and hydrothermal alteration of known and suspected Laramide igneous rocks, and (2) the formation of significant porphyry Cu-Mo, Mo-Cu breccia, replacement and vein deposits. U-Pb ages, determined for zircons in 20 samples of granitic intrusions and volcanic rocks, range from Proterozoic to ~52 Ma (Table 2A ; Fig.  4 ). Zircons derived from older rocks (e.g., the ~173 Ma European Canyon hornblende monzonite) are common in younger rocks. The dated igneous rocks comprise modal and chemical compositions ranging from diorite to granite (~54-70 wt % SiO2; Table 3 ; Fig. 2A ). These rocks are thought to represent all exposed Laramide intrusive and volcanic rocks in the Patagonia Mountains (Fig. 1A) . 40 Ar/ 39 Ar ages were determined for 52 samples of igneous and hydrothermal biotite, hornblende, sanidine, plagioclase, muscovite, alunite, and adularia separated from intrusions, volcanic rocks, and metal deposits (Table 2A, B; Figs. 4, 5) . These ages range from ~70.5 to ~8.3 Ma (Table 2A, B) . Ages were determined for igneous minerals in six granitic rocks by both methods. Ages, with analytic errors, and Ar release spectra of Laramide igneous and hydrothermal minerals are shown graphically in Figures 4 and 5, and are summarized in Figure 6 . Additional U-Pb and 40 Ar/ 39 Ar analytical data, cathodoluminescence images, and age spectra of analyzed igneous and hydrothermal minerals are available online.
Igneous zircon, biotite, and hornblende occur in all granitic and porphyritic intrusions that make up the Patagonia Mountains batholith. These igneous minerals also occur in some Laramide volcanic rocks. Zircons are mostly euhedral and subhedral, several hundreds of μm in dimension, and vary in shape, color, clarity, and fracture density (Fig. 4) . Their abundance is seldom greater than one crystal per standard petrographic section. Biotite and hornblende occur as phenocrysts and microphenocrysts in volcanic rocks and form granular intergrowths with feldspars and quartz in granitic rocks. Some intrusions contain small (<1-2 mm) clusters of biotite euhedrons. Modal abundances of both minerals are commonly several percent, and crystal sizes vary from <<1 to several mm. Sanidine phenocrysts (≤1 mm) remain in quartz-feldspar porphyry on the northwestern margin of the Sunnyside system.
Hydrothermal biotite in several metal deposits occurs as (1) fine-grained aggregates, with individual crystal sizes <<1 mm, that replace igneous biotite and hornblende, (2) fine-grained aggregates or individual crystals in matrices of porphyries, (3) fine-to relatively coarse grained (0.1-1 mm) subhedrons in veins, commonly with quartz, K-feldspar, and pyrite, and, less commonly, (4) coarse-grained (mm to cm) euhedra in breccia 40 Ar/ 39 Ar ages (Ma) of igneous and hydrothermal minerals. On 206 U-238 Pb age arrays, black-filled circles with error tees (2σ) represent ages of zircon cores, and empty circles with error tees (2σ) represent ages of zircon tips. Numbered pairs are core and tip ages of the same zircon. Horizontal gray bars with age, error, and sample number labels represent calculated 206 U-238 Pb rock ages; bar widths encompass errors (2σ; ISOPLOT; Ludwig, 2008) . Dashed blue and green rectangles enclose ages of zircons thought to be inherited and to have been affected by Pb loss, respectively. On corresponding 206 Pb/ 238 U-207 Pb/ 235 U Concordia, the red data point error ellipses were used to calculate the isochron age, and blue and green ellipses represent ages of inherited and Pb-loss zircons, respectively. Concordia age error is 1σ (68.3% confidence) or 2σ. Labeled horizontal red bars denote 40 Ar/ 39 Ar plateau ages of igneous and hydrothermal minerals; bar widths encompass errors (1σ). Coordinate locations, ages, and analytic methods for all dated samples are given in Tables 2A and 2B, and sample matrices with quartz, feldspar, anhydrite, chalcopyrite, pyrite, and other hydrothermal minerals. Igneous and hydrothermal biotite usually can be distinguished by crystal size and texture, but more definitively by chemical compositions. In the Patagonia Mountains hydrothermal biotite contains markedly higher concentrations of Mg, F, and Cl than igneous biotite (unpublished electron microprobe analyses), and all finegrained biotite in matrices of porphyritic intrusions (2) above) that has been analyzed contains elevated concentrations of Mg, F, and Cl. Muscovite, sericite, and alunite have replaced feldspars, mafic minerals, and rock fragments in Laramide igneous and older rocks and in breccias. Sericite and alunite commonly occur in fine-grained intergrowths with quartz, kaolinite, pyrophyllite, and pyrite. Less frequently muscovite, sericite, and alunite occur in thin (≤1 mm) veins and in breccia matrices.
Interpretation of zircon U-Pb ages
The large variation in ages of zircons from individual samples of Laramide igneous rocks in the Patagonia Mountains requires a brief review of zircon provenance. Zircon populations commonly have age ranges that exceed the calculated times required for cooling and crystallization of magma (e.g., Coleman et al., 2004; Miller et al., 2007) ; those times vary, depending on magma volume and depth, from tens to hundreds of thousands of years (Norton, 1982; Hanson, 1995; Cathles et al., 1997; Chiaradia et al., 2013) . Based largely on zircon ages, magmatic source regions are thought to be relatively confined crustal reservoirs in which intrusion and differentiation of mantle-derived magmas, and magma mixing, span several millions of years. According to this model, intrasample zircon populations include autocrystic, antecrystic, and xenocrystic zircons (Hildreth, 2004; Miller et al., 2007; Walker et al., 2007) , and zircons that may have been modified by postcrystallization processes.
Autocrystic zircons crystallize from the youngest magma in a source region and their age represents the crystallization age of the igneous rock in which they occur. Relative to other zircons in igneous rocks, autocrysts are distinguished by their young age and sometimes by relatively large abundance, although they may form overgrowths on older zircons.
Antecrystic zircons represent igneous zircons that crystallized at several different times during the assembly of a composite intrusion by multiple pulses and batches of magma over tens to hundreds of thousands of years (Cooper and Reid, 2008 individual zircon analyses SUN08-219: average age (1, 2, 3, 4, 5, 6, 7, 9, 10, 12) SUN04-72 60.1 ± 0.9 ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ SUN04-72 60.1 ± 0.9 ▲ ▲ magmas from partial melt in reservoirs and/or from recently to partially solidified magmas encountered during emplacement. In young volcanic rocks that tapped evolving magma reservoirs, antecrystic zircons have been identified by highprecision dating (Bachmann and Bergantz, 2004; Hildreth, 2004; Cooper and Reid, 2008) . In older rocks, such as Patagonia Mountains intrusions, dated by less precise techniques, antecrystic zircons are not easily distinguished from autocrystic and inherited zircons because slight age differences are disguised by analytic imprecision.
Xenocrystic zircons, commonly referred to as inherited zircons, are acquired through assimilation of subjacent igneous, metamorphic, and sedimentary rocks by partial melting during magma emplacement. They occur as isolated crystals or form the substrate for one or more overgrowths; zoning is recognized by cathodoluminescence imaging, and by other techniques and characteristics (Cooper and Reid, 2008) . Xenocrysts are distinguished by (1) relatively low abundance, and (2) ages that are distinctly older (commonly several millions to billions of years) than ages of more abundant antecrystic and autocrystic zircons. If ages of rocks known or suspected to have been encountered during magma emplacement have been established, then inherited zircons can usually be separated by inspection, age patterns, or calculation (e.g., ISO-PLOT; Ludwig, 2008 Ar release spectra for igneous hornblende and biotite (left and center panels, respectively) with calculated plateau and total gas ages (Ma). Ar release spectra for muscovite (right panel) with calculated plateau, total gas, and isochron ages (Ma). (B) Ar release spectra for hypogene alunite with calculated plateau ages (Ma), calculated integrated ages (Ma), estimated minimum ages (Ma) for disturbed spectra, and estimated ages (Ma) of disturbing events. Ar release spectra for supergene alunite with calculated integrated ages (Ma) and a calculated average age (Ma). (Stacey and Kramers, 1975 (Ludwig, 2008) , or by mathematical compensation (Andersen, 2002) .
Another complication in interpretation of zircon populations in plutons composed of numerous intrusions is variation in zircon saturation temperatures of individual magmas (e.g., Anderson et al., 2008) . Different saturation temperatures can result in dissolution of xenocrysts and antecrysts and disproportionate representation of zircons from subjacent strata and intrusions that comprise long-lived magmatic successions. (Table 2A, B) , and grouped into four magmatic-hydrothermal events (1) (2) (3) (4) . Parabolas and bars are centered on calculated and interpreted ages of each dated igneous rock, deposit and resource; colors distinguish granitic rocks (pink and orange-brown) from volcanic rocks (green). Parabola heights are approximately scaled to volumes of individual igneous rocks based on exposure.
Interpretation of radioisotopic ages of igneous minerals in the Patagonia Mountains
large zircon age variances at Sunnyside and Red Hill reflect inheritance (multiple age populations), overgrowths (different core and tip ages), and postcrystallization Pb exchange. Complicated zircon ages are, in part, expressed by mean square weighted deviations (MSWD ; Table 2A) >1. This value is considered a threshold for distinguishing between zircons that represent mixed-age populations and/or Pb loss from cogenetic zircons (with MSWD <1; Gehrels, 2010) . In order to evaluate inheritance, zircon core-tip age differences, and Pb exchange, individual zircon ages for igneous rock populations were arrayed chronologically and by analytic site (core or tip). These arrays enable visual comparison of age ranges within zircon populations of each intrusion, and between all dated igneous rocks that make up the Patagonia Mountains batholith (Fig. 4) . Inheritance and Pb exchange were further evaluated on Concordia ( 206 Pb/ 238 U vs. 207 Pb/ 235 U; Fig. 4 ) and age probability plots (not shown). For zircon populations with large age variance, rock ages and ages of hydrothermal events were estimated by comparison among zircon age arrays of all samples, and from 40 Ar/ 39 Ar ages of igneous and hydrothermal minerals. Inherited zircons with probable sources and zircons thought to have been affected by Pb loss are annotated on the age arrays (Fig. 4) . Analytic error (2σ) of individual zircon ages (0.4-6.8 Ma) is largest in inherited zircons and in zircons thought to have lost Pb, which in part distinguishes them. Rock ages were calculated for arrays with relatively low U-Pb age variance among core and tip ages (ISOPLOT; Ludwig, 2008) . These calculated rock ages and 40 Ar/ 39 Ar ages of igneous and hydrothermal minerals are shown as horizontal ageerror bars (2σ and 1σ, respectively; Fig. 4) . The interpreted ages of igneous rocks, hydrothermal minerals, and minerals formed during weathering described below are based on stratigraphic and paragenetic relationships exposed in the field and drill core, on mineral closure temperatures, and on the precision of the geochronological methods used.
The oldest Laramide granitic rock in the Patagonia Mountains is granodiorite (Washington Camp stock, Tg; Fig. 1A ) in the Washington Camp-Duquesne district. It has a calculated U-Pb zircon age (weighted average) of 74 ± 1.1 Ma and a nearly identical Concordia age (74.0 ± 1.2 Ma, SUN06-90, Table 2A ; Fig. 4A ). The zircon age array includes ~77 to 76 Ma core and tip ages with large analytic errors (as much as 6 Ma), and ~72 to 69 Ma core and tip ages, mostly with large analytic errors. These analyses were excluded from the calculated age because of large error and suspected Pb loss, respectively. The Washington Camp-Duquesne granodiorite is surrounded by Paleozoic and Mesozoic carbonate, siliciclastic and volcanic rocks, and by Tertiary-Quaternary colluvium (Fig. 1A) , and contacts with younger intrusions are not exposed. However, several granitic intrusive rocks in addition to granodiorite were mapped in the district by Lehman (1980) . Precise dating of these intrusions may reveal that the Washington Camp granodiorite zircon population represents multiple intrusions that range in age from ~76 to 72 Ma.
Laramide volcanic rocks include biotite latite (silicic-intermediate volcanic rocks; Kv), trachyandesite (Ka), rhyolite of Red Mountain (TKr), and Gringo Gulch Volcanics (site R, Fig. 1B ; Drewes, 1971; Simons, 1972; 1974; Huckins, 1975, Graybeal et al., in review) . The 73.1 ± 3.1 Ma calculated age of biotite latite, although based on a small number of zircon tip analyses (n = 8; Table 2A ; Fig. 4B ), is consistent with its stratigraphic position beneath slightly younger trachyandesite (below) on the southwestern side of Red Mountain, and broadly consistent with an unpublished K-Ar age of 72 ± 4 Ma (Table 2A) . Trachyandesite, with K-Ar ages of 72.1 ± 3.0 and 71.0 ± 1.5 Ma (Table 2A) , underlies rhyolite of Red Mountain on Red Mountain. Rhyolite of Red Mountain has a calculated zircon U-Pb age of 69.5 ± 0.4 Ma. However, core ages and one tip age are as young as 67.5 Ma ( Fig. 4C ; Table 2A ). The range in U-Pb ages of zircon cores in the sample of rhyolite breccia from the Gringo Gulch Volcanics (site R , Figs. 1B,  4D ), ~75 to 68 Ma, could reflect a mixture of clast and matrix zircons. Stratigraphic relationships of Gringo Gulch Volcanics and older volcanic rocks have not been determined. Zircon U-Pb ages support a common age of ~68 to 67 Ma for rhyolite of Red Mountain and Gringo Gulch Volcanics, based on the youngest core and ages in both arrays (Fig. 4C, D ; Table 2A ). More precise geochronology is needed to further distinguish age differences among Laramide volcanic rocks and sources of zircons in individual age arrays.
Small-volume intrusions ( Fig. 4E-J ; Table 2A ) in Soldier Basin, in Italian Canyon, on Red Mountain, at Ventura, and near the Blue Nose mine (Fig. 1A) , range in age from ~65 to 62 Ma, although not all textural and modal varieties were dated. Along intrusive contacts in Soldier Basin and Italian Canyon, large-volume intrusions dated at ~61 to 59 Ma (below) contain subrounded inclusions of small-volume intrusions, consistent with the older zircon U-Pb ages of small-volume intrusions at those locations. Arrays of zircon U-Pb ages of all small-volume intrusions include zircons likely inherited from sub-volcanic intrusions of Laramide volcanic rocks and zircons with elevated 207 Pb/ 238 U, indicative of Pb exchange.
Small-volume quartz monzonite in Soldier Basin has a calculated zircon U-Pb age (weighted average) of 64.8 ± 0.6 (SUN08-216; Figs. 4E, 1A; Table 2A ). Average core and tip ages of seven individual zircons in quartz monzonite (numbered error bars) are 64.9 and 65.2 Ma, respectively, but do not necessarily reflect age zoning in individual zircons because of analytical error. The small-volume biotite quartz monzonite in Italian Canyon has a calculated zircon U-Pb age of 63.7 ± 0.6 Ma and a Concordia intercept age of 64.01 ± 0.8 Ma (SUN07-208; Figs. 4F, 1A; Table 2A ). Average core and tip ages of eight individual zircons (numbered error bars), 64.0 and 63.1 Ma respectively, are also within analytic error and do not support age zoning. Small-volume biotite granodiorite in Soldier Basin has a calculated age of 62.9 ± 1.0 Ma and a concordia intercept age of 62.91 ± 0.65 Ma (SUN08-218; Figs. 4G, 1A; Table 2A ). Granodiorite at Red Mountain is 61.7 ± 0.6 Ma, based on U-Pb ages of zircons in two samples from separate drill holes (DDH146 5310-5450, DDH156 5630-5990; Figs. 4H, 1A; Table 2A ). At the northern end of the batholith, biotite granodiorite encountered in drill holes beneath the Ventura Mo-Cu resource has a calculated zircon U-Pb age of 63.8 ± 0.5 Ma, and a Concordia intercept age of 63.98 ± 0.60 Ma (SUN08-219; Figs. 4I, 1B; Table 2A ). Average core and tip ages of 10 individual zircons (numbered error bars) are 63.9 and 63.8 Ma, respectively, virtually identical to the calculated and concordia ages. Zircons from a small exposure of altered feldspar porphyry in Mesozoic sedimentary rocks at the Blue Nose mine have a calculated U-Pb age of 62.6 ± 0.7 Ma (083-11B; Figs. 4J, 1A; Table 2A ). Average core and tip ages of eight individual zircons (numbered error bars) are 62.4 and 61.9 Ma, respectively, supporting a rock age of ~62 Ma. However, the age array includes a number of 62 to 59 Ma core ages, and the intrusion could be several m.y. younger than the calculated ages. Alternatively, the zircon ages could reflect Pb loss. 40 Ar/ 39 Ar ages of igneous biotite and U-Pb ages of zircons were determined in four common samples of small-volume intrusions. Biotite ages are approximately 3 to 3.5 m.y. younger at ~61 to 60 Ma than the zircon ages at ~65 to 64 Ma of smallvolume intrusions in Soldier Basin, in Italian Canyon, and at Ventura (SUN08-216, SUN07-208, SUN07-206, SUN09-219; Figs. 4E, F, I, 5A; Table 2A ). These igneous biotite ages are thought to have been reset when small-volume intrusions were engulfed by large-volume magmas and heated above the Ar-retention temperature of biotite (ca. 300°C). The 40 Ar/ 39 Ar age of igneous biotite, 60.37 ± 0.14 Ma (DDH146-2074; Fig. 4H ; Table 2A ), in small-volume granodiorite in the Red Mountain porphyry Cu-Mo system is ~1 m.y. younger than the zircon U-Pb age (61.7 ± 0.6 Ma). The dated biotite is from a different sample and may represent an alteration age because the biotite has been partly altered to muscovite.
Large-volume granodiorite, quartz monzonite, quartz monzonite porphyry, and quartz feldspar porphyry that comprise most of the Patagonia Mountains batholith, have ages of ~ 61 to 59 Ma. This age range is based on calculated and Concordia U-Pb ages of zircons, on distribution of core and tip zircon ages, and on 40 Ar/ 39 Ar ages of igneous biotite, hornblende, and sanidine (Figs. 4K-R, 1A; Table 2A ). Most zircon U-Pb age arrays in large-volume intrusions are complicated by inheritance and Pb exchange, making age interpretations difficult. However, 40 Ar/ 39 Ar ages of igneous biotite, hornblende, plagioclase, and sanidine in four common samples of largevolume intrusions have the same age range (within error) of ~61 to 59 Ma as interpreted zircon U-Pb ages (SUN04-72, SUN04-71, SUN04-68, TM6 687, 699, SUN03-2; Fig. 4K , L, N, O; Table 2A) .
Large-volume quartz-feldspar porphyry and quartz monzonite porphyry that contain the Sunnyside porphyry Cu-Mo system (Fig. 7) are pervasively hydrothermally altered. Individual zircon U-Pb ages of these rocks vary from ~71 to 52 Ma. They record a complex series of events that includes inheritance, multiple intrusions, and Pb exchange (SUN04-53, SUN03-2, TM8-3347, SUN04-60, SUN04-58; Fig. 4N-R ;  Table 2A ). A small flow-dome of less altered quartz-feldspar porphyry is ~0.9 km north-northwest of the center of the system (Fig. 1A) . Based on the calculated U-Pb age of zircons (60.0 ± 1.4 Ma) from this flow-dome, the Concordia intercept age of 59.94 ± 0.85 Ma, and the 40 Ar/ 39 Ar age of sanidine phenocrysts (58.94 ± 0.15 Ma), the age of quartz-feldspar porphyry is ~60 to 59 Ma (SUN03-2; Fig. 4O ; Table 2A ). This age range conforms with nearly complete separation of >60 Ma zircon core ages from <60 Ma tip ages in two highly altered samples of quartz-feldspar porphyry in the center of the system (SUN04-60/TM8-5421, SUN04-58/TR11-2110; Fig. 4Q, R) . The age range is also supported by ~61 to 58 Ma 40 Ar/ 39 Ar ages of hydrothermal minerals (alunite and muscovite) in quartz-feldspar porphyry, in Mesozoic rocks, and in heterolithic breccias adjacent to quartz-feldspar porphyry (SUN03-1A, -5A, -6, -20C, -20D; Fig. 4O ; Table 2B ). Two other highly altered samples of quartz-feldspar porphyry and quartz monzonite porphyry within the system (SUN04-53/ TM6-3000, TM8-3347; Fig. 4N , P) have similar to slightly younger calculated zircon U-Pb and Concordia intercept ages. These age arrays are highly variable or dominated by tip ages that may have been affected by Pb exchange. Based on ages of igneous minerals in less altered quartz-feldspar porphyry, intrusions that formed the Sunnyside porphyry Cu deposit are 61 to 59 Ma, similar to the ages of other largevolume intrusions that make up most of the Patagonia Mountains batholith. 40 Ar/ 39 Ar ages of hydrothermal muscovite, biotite, alunite, and adularia from metal deposits and alteration mineral assemblages range from ~71 to 52 Ma (Table 2B) . Ages determined by the incremental heating method are thought to best represent alteration ages because (1) dated hydrothermal minerals coexist with hypogene sulfide minerals or their in situ oxidized products, and (2) many hydrothermal mineral ages correspond to ages of igneous host rocks or intrusions that make up the Patagonia Mountains batholith, or to ages of volcanic rocks described above.
Hydrothermal mineral ages
The oldest hydrothermal mineral identified is muscovite in a vein near the Flux Cu-Pb-Zn-Ag mine that is 70.52 ± 0.43 Ma (Table 2B) . Ages of sericite in mineralized sedimentary rocks of the Cretaceous Bisbee Group at the Blue Nose and Morning Glory Pb-Zn-Ag mines are 65.40 ± 0.44 and 61.55 ± 0.11 Ma, respectively ( Fig. 4J ; Table 2B ). Ages of muscovite in Jurassic and Laramide granitic rocks at the Ventura Mo-Cu breccia deposit, and at the Homestake, European, Three R, and Minnesota Cu mines are 65.33 ± 0.18, 61.83 ± 0.48, 60.69 ± 0.20, 60.56 ± 0.13, and 59.48 ± 0.12 Ma, respectively ( Fig.  4I ; Table 2B ). The age of muscovite in a quartz-muscovitepyrite vein east of the Four Metals mine is 61.65 ± 0.13 Ma (Figs. 3, 4L ; Table 2B ). At Sunnyside, ages of muscovite that has replaced feldspars in quartz-feldspar porphyry are 59.62 ± 0.20 and 57.81 ± 0.20 Ma ( Fig. 4O ; Table 2B ).
Ages of sericite in volcaniclastic rocks from the Humboldt and Wellington Zn-Pb-Ag deposits in middle Alum Gulch are 65.52 ± 0.34 and 64.5 ± 4.46 Ma, respectively (Table 2B) . These deposits are in ejecta (Tv, Fig. 1A ) that was erupted during emplacement of quartz-feldspar porphyry intrusions at ~60 to 59 Ma. The sericites were apparently derived from older small-volume ~65 to 64 Ma intrusions (e.g., Ventura granodiorite) or fragments of volcanic rocks that were acquired by quartz-feldspar porphyry magmas and erupted.
The ages of coarse-grained hydrothermal biotite and muscovite in breccia matrix at the Four Metals Cu-Mo mine at Red Hill are 61.00 ± 0.32 and 60.47 ± 0.18 Ma, respectively (Figs. 3, 4L ; Table 2B ). Coarse-grained biotite and muscovite in Ventura breccia matrix are 60.40 ± 0.16 and 59.81 ± 0.17 Ma, respectively ( Fig. 4I ; Table 2B ). Hydrothermal biotite at the Santa Nino Cu-Mo mine is 60.67 ± 0.25 Ma (Table  2B ). The ages of adularia from the Hermosa Ag-Mn-Pb mine and from the Line Boy Cu-Mo mine are 59.75 ± 0.03 and 59.27 ± 0.11 Ma, respectively (Table 2B ). The age of muscovite that occurs with adularia at the Line Boy mine is 59.97 ± 0.10 Ma (Table 2B) .
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Alunite is widespread in the northern Patagonia Mountains (Kistner, 1984; Cook, 1994; Berger et al., 2003) . It occurs in both hypogene and supergene forms in pervasively altered granitic, volcanic, and sedimentary rocks on Red Mountain, in a 6.5-km-long zone from Three R Canyon to Thunder Mountain (Three R shear zone), and in vein and breccia deposits at the Three R, Sunnyside, and Volcano mines (Fig. 1A, B) . Hydrothermal (hypogene) alunite is distinguished from alunite formed by supergene processes by (1) pink color, (2) occurrence in phenocryst sites, clast sites, and veins, (3) coexistence with pyrite, enargite, and other sulfide minerals, (4) coexistence with advanced argillic alteration minerals (e.g., kaolinite, pyrophyllite, topaz, diaspore, and zunyite), and (5) commonly by coarser grain size.
Several generations of alunite occur throughout the upper 600 m of the Sunnyside system largely above chalcopyrite mineralization (Fig. 7) . At Sunnyside hypogene alunite has replaced feldspars and rock fragments and forms veins and breccia matrices with quartz, pyrite, enargite, tennantite, covellite, chalcocite, pyrophyllite, kaolinite, and other aluminosilicate minerals. 40 Ar/ 39 Ar ages of two samples of hypogene alunite were determined (initially) by laser fusion at 54.90 ± 0.43 and 51.54 ± 1.42 Ma (Table 2B ). The 40 Ar/ 39 Ar ages of 11 alunite samples, including the two alunite samples dated initially by laser fusion, were determined by incremental heating. Three of these samples have plateau ages of 60.90 ± 0.19, 58.81 ± 0.17, and 57.85 ± 0.17 Ma ( Fig. 5B ; Table 2B ).
The remaining eight samples yielded discordant 40 Ar/ 39 Ar age spectra and minimum ages (≥59.1 to ≥54.6 Ma, based on the oldest Ar release ages; Fig. 5B ; Table 2B ). These minimum ages reflect one or more relatively low-Ar release ages, indicating that the alunites have lost radiogenic Ar subsequent to formation. Most minimum ages are similar to, but cannot be distinguished from, the three plateau ages. The minimum ages confirm that the laser fusion ages are averages of several events, because later incremental heating analyses of both laser fusion-dated separates gave individual increments with older ages (>58.5 and 60.9 Ma), and one of them showed disturbance at <22 Ma. The ages of hypogene alunite and muscovite (above) indicate that hydrothermal minerals at Sunnyside are mostly 60 to 58 Ma, and that hydrothermal alteration also may have occurred at <58 Ma in mid-to lateTertiary time.
The age of hypogene alunite from near the top of Red Mountain is 60.00 ± 0.20 Ma ( Fig. 4H ; Table 2B ). 40 Ar/ 39 Ar and K-Ar ages of alunite and cryptomelane from six widely distributed metal deposits and alteration mineral assemblages do not correspond to the ages of dated igneous rocks in the Patagonia Mountains (Table 2B ). The estimated ages of the alunites, based in part on discordant, probably disturbed age spectra (Fig. 5B) , vary from ~25 Ma at Red Mountain (Cook, 1994) to ~5 Ma in the upper part of the Sunnyside system ( Fig. 5B; Table 1B ). Cryptomelane in a drill hole in the Hardshell resource has a K-Ar age of ~20 Ma (Table  2B ; Koutz, 1984) . The relatively young alunites, analyzed by 40 Ar/ 39 Ar incremental heating, are white, very fine grained, and occur in 1-to 3-mm-thick veins near the present surface. These characteristics imply that all relatively young alunite and cryptomelane formed during weathering by supergene processes.
Weathered metal deposits and alteration zones
Although the 40 Ar/ 39 Ar age spectra of three hypogene alunite samples yield plateau ages, most hypogene alunite separates yielded discordant age spectra indicating only minimum ages (≥59.1 to ≥54.6 Ma, determined from the oldest Ar release ages) because of probable Ar loss. Based on those spectra, events causing Ar loss occurred after 40 Ma, with evidence that some occurred after 12 Ma (Table 2B ). This range of younger ages corresponds broadly to the ages of supergene alunites. The spectral disturbance and supergene alunite ages collectively support the onset of regional weathering in the Patagonia Mountains after ~40 Ma. Evidence of disturbance of alunite age spectra as recently as ~5 Ma ( Fig. 5B ; Table 2B ) is consistent with weathering events as young as late Miocene. These weathering events correspond temporally to Oligocene-Miocene enrichment of other porphyry Cu systems elsewhere in the southwestern United States (Handverger, 1963; Quinlan, 1986; Cook, 1994) . Mid-Tertiary intrusions, which could have affected Ar retention in older alunites, have not been recognized in the Patagonia Mountains. Small exposures of ~28 Ma rhyolite tuff on the northeastern and northwestern margins of the range are coeval with Grosvenor Hills Volcanics and were likely derived from sources northwest of the Patagonia Mountains (Drewes, 1968; Houser, 2005) .
Interpretation of Mineral Ages

Laramide magmatic and hydrothermal events in the Patagonia Mountains
Based on ages of Laramide granitic intrusions, volcanic rocks, and metal deposits in the Patagonia Mountains, four separate magmatic and magmatic-hydrothermal events, depicted in Figure 6 , cumulatively assembled, altered, and mineralized the Patagonia Mountains batholith, volcanic cover rocks, and pre-Laramide rocks adjacent to the batholith. The events are as follows: (1) Washington Camp granodiorite-Cu-Pb-Zn-Ag deposits, 74 Ma, (2) volcanic rocks-Flux mine Cu-Pb-Zn-Ag deposit, 73 to 68 Ma, (3) small-volume intrusions and associated hydrothermal systems, 65 to 62 Ma, and (4) large-volume intrusions and associated hydrothermal systems, 61 to 58 Ma. The small-volume intrusions event includes the granodiorite and breccias of the Ventura Mo-Cu deposit, several Cu-PbZn-Ag vein and replacement deposits, and granodiorite in the Red Mountain Cu-Mo resource. The large-volume intrusions event includes spatially distinct intrusions and hydrothermal systems of the Red Hill Cu-Mo breccia deposit (Four Metals mine), the Sunnyside porphyry Cu-Mo system, and numerous Ag-Cu-Pb-Zn-Mn deposits. The four events, which span ~16 m.y. from 74 to 58 Ma, are described briefly below. Their incremental contributions to batholith assembly and mineralization are shown sequentially in Figure 8 .
Washington Camp granodiorite-Cu-Pb-Zn-Ag deposits, 74 Ma
The initial Laramide magmatic event was intrusion at ~74 Ma of the Washington Camp granodiorite stock into late Paleozoic and Mesozoic carbonate, volcanic and siliciclastic rocks (Simons, 1974; Lehman, 1980; Table 2A; Figs. 1A, 4A, 6, 8A) . These Paleozoic and Mesozoic rocks, and the Washington Camp stock, were subsequently surrounded by large-volume intrusions at ~61 to 59 Ma. The large-volume intrusions enclose much of the Paleozoic-Mesozoic section but are not in contact with the Washington Camp stock. The Cu-Pb-ZnAg carbonate replacement deposits of the Washington CampDuquesne district (Table 1 ; Fig. 1B ) are restricted to the Paleozoic section, but their distribution shows no clear spatial relationship to either intrusive event. Lehman (1980) favored a temporal association with large-volume quartz monzonite, based on mineralized faults that postdate emplacement of the Washington Camp stock and on thicker skarn adjacent to the large-volume quartz monzonite. However, the deposits have not been directly dated, the zircon age array (Fig. 4A ) may represent several intrusions, and different ore types allow for more than one period of mineralization. Volcanic strata that comprise Red Mountain were erupted at ~73 to 68 Ma based on U-Pb, K-Ar, and 40 Ar/ 39 Ar ages of biotite latite, trachyandesite, rhyolite of Red Mountain, and Gringo Gulch Volcanics (Table 2A; Figs. 1A, 6, 8A) . No granitic intrusions within this age range have been recognized. However, ~72 to 68 Ma inherited zircons in younger igneous rocks (e.g., small-volume intrusions in Italian Canyon, Fig. 4F ) may have been derived from sub-volcanic intrusions that are coeval with eruptive rocks. Although exposed volcanic rocks of this event are confined to the vicinity of Red Mountain, the distribution of inherited zircons (in map view) implies that the 73 to 68 Ma volcanic rocks covered the batholith, at least north of the U.S.-Mexico border. Thus, zircon inheritance may be useful in spatial reconstruction of large igneous provinces.
Volcanic rocks-Flux mine
The presence of Cu-Pb-Zn-Ag carbonate-replacement and vein deposits at the Flux mine (Table 1 ; Fig. 1B ), located at the southwestern edge of the volcanic sequence on Red Mountain, implies proximity to an intrusion. The ~70.5 Ma age of muscovite in a quartz-galena-pyrite vein at Flux (Table  2B ; Fig. 6 ) further supports a concealed subvolcanic intrusion in the mine vicinity. However, the Flux mine is within a welldefined zone of Zn-rich mines and prospects that are distally concentric to the area of disseminated pyrite associated with the Sunnyside porphyry Cu-Mo system (Graybeal, 1984) , ~2.4 km to the south, suggesting a temporal relationship. The Flux deposits could also be temporally related to the Red Mountain porphyry Cu-Mo system, ~1.6 km to the northeast. The Sunnyside and Red Mountain systems are comprised of magmatic-hydrothermal events that cumulative span ~62 to 58 Ma (described below), and a genetic link between the Flux deposit and porphyry Cu-Mo systems is uncertain.
Small-volume intrusions and associated hydrothermal systems, 65-62 Ma
Small-volume granitic intrusions in Soldier Basin and Italian Canyon, and at Ventura and Red Mountain, have U-Pb and 40 Ar/ 39 Ar ages that indicate emplacement at ~65 to 62 Ma (Table 2A; Figs. 1A, 6, 8A, B) . The alignment of smallvolume intrusions marks an approximately north-south axis along which the Patagonia Mountains batholith was assembled. Several of the small-volume intrusions are spatially and temporally associated with mineral deposits, the most significant of which are Ventura and Red Mountain. Evidence for other 65 to 62 Ma intrusions south of Red Mountain is based on 40 Ar/ 39 Ar ages of muscovite at the Blue Nose, Morning Glory, Homestake, and European mines, and by inherited zircons in large-volume quartz monzonite porphyry and in quartz feldspar porphyry at Sunnyside (Fig. 4N, O ; 4P-R). Although large analytical errors in most inherited zircon analyses preclude age correlation with specific igneous rocks, inherited zircons attest to the subsurface presence of additional small-volume as well as sub-volcanic intrusions, ranging in age from ~73 to 62 Ma ( Fig. 4E-H; 4I, J) .
Ventura Mo-Cu breccia deposit: The Ventura Mo-Cu breccia deposit (Table 1 ; Fig. 1B ) overlies biotite granodiorite encountered in drill holes about ~900 m below the breccia (Fig. 7) . Zircons in biotite granodiorite (SUN08-219, DDH V38, 5180-5199 ft; Table 2A ; Figs. 4I, 8A) have a calculated U-Pb age of 63.8 ± 0.5 Ma. The 40 Ar/ 39 Ar age of muscovite in an outcrop of brecciated Jurassic granite above the deposit (SUN03-31; Table 2B ; Fig. 4I ) is 65.33 ± 0.18 Ma. The 40 Ar/ 39 Ar ages of igneous biotite in biotite granodiorite ~1575 m below the surface (SUN08-219), of coarse-grained hydrothermal biotite in breccia matrix ~760 m below the surface (SUN04-51), and of muscovite that has replaced matrix biotite ~600 below the surface (SUN04-52) are 60. 03 ± 0.16, 60.40 ± 0.16, and 59.81 ± 0.17 Ma, respectively (Table 2B ; Fig.  4I ). Given the broad age array and analytic precision of zircons in biotite granodiorite and possible reset ages of the deep micas, emplacement of biotite granodiorite, muscovite alteration of Jurassic granite, and formation of the Mo-Cu breccia could have been simultaneous at ~65 to 64 Ma. The ~60 Ma biotite and muscovite ages may reflect thermal resetting by proximal ~60 to 59 Ma large-volume intrusions of the Sunnyside system, centered ~1.6 km to the east ( Fig. 1A; Fig. 7 ), or by high temperature fluids derived from those intrusions.
Evidence that the Ventura system is older than the Sunnyside system includes distinct vein sets that are confined to the Ventura deposit (Graybeal, 1973a) , and replacement of muscovite and sericite in both systems by kaolinite. At Ventura, northeast-striking quartz-muscovite-pyrite veins north and south of the breccia dip and thicken toward the breccia. These vein attitudes and dimensions suggest that vein fluids were hydraulically related to the breccia. Mineral assemblages in wall rocks and breccia matrix of the Ventura deposit were initially biotite-stable and then muscovite-stable from the present surface to a depth of at least 600 m. The micas are partially replaced by kaolinite to approximately the same depth. Kaolinite is a major component of pervasive ~60 to 58 Ma advanced argillic alteration mineral assemblages (Table  2B ) that extend as far as 3.3 km north, northwest, south, and west from Sunnyside, and include rocks that contain the Ventura deposit.
Red Mountain porphyry Cu-Mo deposit: The Red Mountain porphyry Cu-Mo deposit (Table 1 ) occurs in 73 to 68 Ma volcanic rocks and in small granodiorite intrusions that are ~61.7 Ma, based on U-Pb ages of zircons (61.7 ± 0.5 Ma; 61.7 ± 0.6 Ma, Table 2A ; Figs. 4H, 8B ). Igneous biotite, partly altered to muscovite at 60.37 ± 0.14 Ma (Table 2A ; Fig. 4H; Fig. 8B (Table 2B ). This alunite age is ~5 m.y. older than the K-Ar alunite age of 55.1 ± 1.4 Ma (Table 2B ; Cook, 1994 Other replacement and vein deposits: The Pb-Zn-Ag replacement deposits in rocks of the Bisbee Formation at the Blue Nose mine (Figs. 1B, 4J, 8B ; Table 2B ) formed at 65.40 ± 0.44 Ma, based on one muscovite age. Although this mine is within the zone of Zn-rich mines and prospects that are distally concentric to the area of disseminated pyrite associated with the Sunnyside porphyry Cu-Mo system (Graybeal, 1984) , the muscovite age suggests proximity to a small-volume intrusion. However, the altered porphyritic intrusion near the Blue Nose mine is apparently younger than the replacement deposit, and older small-volume intrusions in the vicinity of the Blue Nose mine are not exposed. The Cu-Pb-Zn-Ag vein and replacement deposits at the Homestake, Morning Glory, and European mines (Fig. 1B ) also may be temporally related to 65 to 62 Ma small-volume intrusions. The ~62 to 61 Ma ages of muscovite in these deposits (Table 2B ) may reflect partial resetting during emplacement of large-volume intrusions at ~61 to 59 Ma. Similar to the Blue Nose deposit, the Morning Glory deposits are in rocks of the Bisbee Formation ~1.3 km east of large-volume intrusions, and older small-volume intrusions are not exposed near the Morning Glory mine. The veins at the European mine are in ca. 173 Ma hornblende monzonite ( Fig. 1A, B ; Table 2A , B; Simons, 1974 ) that was emplaced into Jurassic volcanic and sedimentary rocks. The veins and hornblende monzonite are adjacent to ~64 Ma biotite granodiorite of the Ventura system.
Large-volume intrusions and associated hydrothermal systems, 61-58 Ma
Large-volume quartz monzonite, granodiorite, and quartz monzonite porphyry, which make up most of the Patagonia Mountains batholith, are ~61 to 59 Ma according to U-Pb zircon ages and 40 Ar/ 39 Ar ages of igneous biotite and hornblende (Figs. 1A, 4K-R, 6, 8B; Table 2A ). Large-volume intrusions were emplaced along the north-south axis defined by ~65 to 62 Ma small-volume intrusions, enclosing some of them, resetting their biotite ages, and possibly resetting the ages of muscovites in vein deposits associated with them. The ages of zircon and hydrothermal minerals in several Cu ± Mo deposits imply either a slightly larger age range of large-volume intrusions of ~61 to 58 Ma or compromised isotope systematics as discussed below. Significant metal resources in large-volume intrusions are the Red Hill (Four Metals mine) Cu-Mo breccia deposit and the Sunnyside porphyry Cu-Mo deposit (Table  1; Figs. 1B, 6 ). Numerous other Cu-Pb-Zn-Ag-Mn replacement and vein deposits are spatially and temporally related to large-volume intrusions, the most significant of which are the Hardshell Ag and Three R Cu deposits (Table 1; Fig. 1B) .
Red Hill (Four Metals) Cu-Mo breccia deposit: Magmatichydrothermal events at the Four Metals Cu-Mo breccia deposit at Red Hill (Fig. 1A, B ; Table 1 ) are incompletely resolved because of imprecise zircon U-Pb ages and apparent inconsistencies among U-Pb and 40 Ar/ 39 Ar ages of igneous and hydrothermal minerals. Two samples of large-volume quartz monzonite porphyry that contains the breccia yield calculated zircon U-Pb (weighted average) and Concordia ages of 59.2 ± 1.2, 58.3 ± 0.9, and 60.7 ± 1.9 Ma, respectively (SUN04-68 and SUN04-70; Table 2A, B; Fig. 4L, M, 8B) . The dated samples were collected about 0.5 km north and 0.2 km east of the breccia deposit (Fig. 3) . The zircon age array of one sample (SUN04-70) includes numerous ~59 to 57 Ma core ages, some of which may reflect Pb loss. The zircon age array of the other sample of quartz monzonite porphyry (SUN04-68) includes inherited zircons and many ~56 to 53 Ma zircons that may have also lost radiogenic Pb. Igneous biotite in this sample has a 40 Ar/ 39 Ar age of 58.77 ± 0.30 Ma. Igneous biotite in another sample of quartz monzonite porphyry ~0.7 km to the southeast has a 40 Ar/ 39 Ar age of 61.3 ± 0.06 Ma (Table 2A ; Fig. 3, 4L) . Hydrothermal biotite and muscovite in breccia matrices have 40 Ar/ 39 Ar ages of 61.00 ± 0.32 and 60.47 ± 0.18 Ma (SUN03-34 and SUN04-63, respectively; Table 2B ; Fig. 4L ). Muscovite in a quartz-muscovite-pyrite vein east of the breccia has a 40 Ar/ 39 Ar age of 61.7 ± 0.13 Ma (Table 2B ; Fig. 3, 4L) .
The hydrothermal mica ages are somewhat older than the ages of most igneous minerals in the dated samples of quartz monzonite porphyry, although the breccia clearly postdates crystallization of quartz monzonite porphyry. The large range of zircon U-Pb ages and imprecision of individual zircon ages do not clearly distinguish the age of one sample of quartz monzonite porphyry (SUN04-68) from the ages of hydrothermal and igneous micas in and east of the breccia ( Fig. 3 ; Table  4L ). Because of age conflict and imprecision, it is not clear that the relatively precise 59 to 57 Ma zircon core ages in the other sample of quartz monzonite porphyry (SUN04-70) represent a younger intrusion. Based on present geochronology, the Four Metals Cu-Mo breccia deposit is ~61 to 60 Ma, but intrusions in the vicinity of the breccia deposits may vary in age from ~61 to 58 Ma. The apparent discrepancies between field relationships and measured ages, also evident in the Sunnyside system, imply that isotope systems have been disturbed by multiple, juxtaposed intrusive and hydrothermal events.
Sunnyside porphyry Cu-Mo deposit: Arrays of zircon U-Pb ages of quartz monzonite porphyry and quartz-feldspar porphyry that contain the Sunnyside Cu-Mo resource (Fig. 1A,  B ; Table 1 ) span up to 19 m.y. (~71-52 Ma, based on individual laser ablation analyses; Fig. 4N , O; 4P-R), negating straightforward age assignments for most samples. Several arrays consist predominantly of tip ages. All arrays include inherited zircons and zircons that apparently lost radiogenic Pb. As at Red Hill, large errors in analyses of most inherited zircon analyses preclude specific age correlation with older igneous rocks.
The zircon U-Pb age array of quartz monzonite porphyry in a drill hole in upper Alum Gulch (SUN04-53/TM6-3000; Fig.  4N ) includes core and tip ages of zircons inherited from subvolcanic and small-volume intrusions. The array also includes numerous tip ages <58 Ma that suggest Pb loss, possibly reflected by the Concordia age (57.1 ± 2.1 Ma). For comparison, plagioclase from the same drill hole has a 40 Ar/ 39 Ar age of 60.61 ± 0.10 Ma (TM6 687; 699; Fig. 4N ). Geologic mapping demonstrates that quartz monzonite porphyry at Sunnyside is continuous with 61 to 60 Ma large-volume intrusions in the southern part of the batholith. This relationship and the plagioclase age support Pb loss in many zircons, and indicate that quartz monzonite porphyry at Sunnyside is also 61 to 60 Ma.
The calculated zircon U-Pb age (weighted average) and Concordia age of a sample of less altered quartz-feldspar porphyry, ~0.9 km north-northwest of the center of the Sunnyside system, are 60.0 ± 1.4 and 59.94 ± 0.85 Ma, respectively (SUN03-2; Table 2A ; Figs. 1B, 4O ). Age ellipses of most cores plot on the 206 Pb/ 238 U -207 Pb/ 235 U Concordia (Fig. 4O) . Sanidine in the same sample has a 40 Ar/ 39 Ar age of 58.94 ± 0.15 Ma, placing the cooling age of quartz-feldspar porphyry at ~59 Ma. Zircon U-Pb age arrays for altered samples of quartz-feldspar porphyry span at least several m.y., after elimination of inherited zircons and those with Pb loss. However, several of these arrays include few or no zircon core ages, but numerous tip ages <60-59 Ma (SUN04-58/TR11-2110; TM8-3347; SUN04-60/TM8-5421; Fig. 4N , Q, R). This pattern of older core ages and younger tip ages supports emplacement of quartz feldspar porphyry at 60 to 59 Ma (Fig. 8B) .
Calculated zircon U-Pb ages of two samples of quartz feldspar porphyry are 58.7 ± 1.2 and 56.8 ± 2.3 Ma (TM8-3347; SUN04-60/TM8-5421; Fig. 4P, Q) , and the calculated ages include ages of individual zircons affected by Pb loss. However, age ellipses of some 58 to 52 Ma tips are concordant (Fig. 4Q) , suggesting that these tip ages may correspond to younger magmatic-hydrothermal events. No exposed igneous rocks <58 Ma have been confirmed by geochronology, and none is suspected from field relationships. Intrusions <58 Ma may not have been recognized because of alteration, and the presence of 58 to 52 Ma intrusions in the Patagonia Mountains remains uncertain. An alternative explanation of <58 Ma tips is that U-Pb ages of radiation-damaged, outer growth zones were modified by high-temperature fluids associated with Cu-Mo mineralization (cf. Geisler et al., 2007; Fu et al., 2009) , or low-pH fluids associated with weathering. These fluids may have proportionately removed daughter Pb in 58 to 52 Ma tips with concordant ellipses, and disproportionately removed daughter Pb or added common Pb to tips with ellipses not on the Concordia. The ~57 Ma 206 Pb/ 238 U-207 Pb-235 U ages (with errors of >2 Ma) of quartz monzonite porphyry and quartz-feldspar porphyry (SUN0-60/TM8-5421; SUN04-53/TM6-3000; Fig. 4N , Q) may be discordia ages that mark the approximate time of Pb loss.
The close spatial association of the deep chalcopyrite resource and quartz-feldspar porphyry at Sunnyside (+0.2 wt % Cu as chalcopyrite; Fig. 7 ) imply that deposition of chalcopyrite was broadly simultaneous with crystallization of one or more intrusions of quartz-feldspar porphyry at 60 to 59 Ma (Fig. 6, 7) . Although separate quartz-feldspar intrusions have not been identified conclusively, multiple intrusions and hydrothermal events are inferred from the following: (1) predominance of quartz-feldspar porphyry clasts in sequences of phreatomagmatic volcaniclastic deposits (Tv, Fig. 1A ) that overlie quartz-feldspar porphyry, and (2) numerous crosscutting veins and breccia matrices in drill hole intercepts.
The near-surface chalcocite-enargite-tennantite-covellite inventory (0.1-0.4 wt % Cu; Fig. 7 ) is paragenetically younger than the deep chalcopyrite resource, based on crosscutting relationships among hydrothermal mineral assemblages and hydrothermal mineral ages. The 40 Ar/ 39 Ar ages of alunite and muscovite in and adjacent to this resource vary from 60.90 ± 0.19 to 57.85 ± 0.17 Ma (SUN03-5A; SUN03-6, -20D, -20C, -1A; Table 2B ; Figs. 4O , 5B). Most alunite and muscovite ages are <59 Ma. These hydrothermal mineral ages support the paragenesis of the two resources, and combined with the ages of zircon tips in quartz-feldspar porphyry, allow for a slightly younger age, possibly 59 to 58 Ma, for formation of the nearsurface Cu resource (Figs. 6, 7) .
Hydrothermal minerals older than 59 Ma include a 59.62 ± 0.20 Ma muscovite in quartz-feldspar porphyry in middle Alum Gulch, and two ~61 to 60 Ma alunites in Mesozoic rocks adjacent to quartz feldspar porphyry. The muscovite may reflect near-surface alteration of feldspars during deep chalcopyrite mineralization. The alunites may have formed during hydrothermal alteration of Mesozoic rocks in the 6.5-km-long zone of advanced argillic alteration that extends from Three R Canyon to Thunder Mountain (Three R shear zone; Fig.  1A) . A 61 to 60 Ma age for this alteration event is supported by the 60.69 ± 0.20 and 60.56 ± 0.13 Ma ages of muscovite at the European mine and Three R mine, respectively (Table  2B ; Fig. 1B ) which are within or adjacent to the shear zone.
The geochronology of the Sunnyside porphyry Cu-Mo system determined in this investigation is not precise enough to clearly distinguish individual intrusions or age differences among hydrothermal mineral assemblages. The range of alunite and muscovite ages, complicated paragenetic relationships among veins and breccia matrices, pervasive sericite, kaolinite, and alunite to depths below the surface exceeding 760 m, and paragenetically young enargite-tennantite-chalcocite assemblages and Mo and Zn veins, demonstrate super-positioning of deep and near-surface hydrothermal mineral assemblages. An interpretation involving a linear time-space transition of early and deep chalcopyrite-potassic-phyllic alteration to later and near-surface, enargite-tennantite-chalcocite-advanced argillic alteration is not easily applied at Sunnyside.
Other Sunnyside system deposits: Copper-Pb-Zn-Ag replacement deposits occur in Paleozoic carbonate rocks adjacent to quartz-feldspar porphyry at depths below the present surface of ≥1,250 m; Graybeal, 1996; Fig. 7) . Based on proximity to the chalcopyrite resource in quartz-feldspar porphyry, these replacement deposits also formed at 60 to 59 Ma. Other Cu and polymetallic deposits are semi-annularly distributed in Mesozoic rocks northwest, southwest, northeast, and east of Sunnyside (Three R, European, Thunder, Standard, World's Fair, Chief, Trench, Alta, Hermosa, and Hardshell; Fig. 1B) . Although not all of these deposits were dated, some of them within the Three R shear zone (European and Three R mines; Fig. 1A, B) slightly predate the Sunnyside system. Replacement deposits east of Sunnyside (Hermosa mine; Hardshell Ag resource; Fig. 1B) formed simultaneously with the Sunnyside chalcopyrite resource, based on the 59.75 ± 0.03 Ma 40 Ar/ 39 Ar age of Hermosa adularia (Table 2B) , alteration mineral assemblages, metal zoning, and fluid inclusion temperature zoning (Graybeal, 1984 (Graybeal, , 1996 .
Other deposits associated with large-volume intrusions:
Small Cu ± Mo deposits in the southern part of the batholith include quartz-chalcopyrite ± molybdenite-biotite-K feldspar-muscovite deposits at the Santo Nino, Minnesota (Marche), and Line Boy mines (Fig. 1B) . These deposits occur in large-volume intrusions and formed at ~61 to 59 Ma, based on 40 Ar/ 39 Ar ages of hydrothermal biotite, K-feldspar, and muscovite (Table 2B ). Other metal deposits in the Patagonia Mountains that were not dated include the Pb-Ag replacement and vein deposits in Paleozoic rocks at the Mowry mine, and the small Cu-Pb-Ag-Au deposits annularly distributed around Red Mountain in Laramide volcanic rocks (Schrader, 1915) . Provisionally, the Mowry deposit is 60 to 59 Ma, based on similarity to the Hermosa and Hardshell replacement deposits. The annular Red Mountain deposits are assumed to be ~62 to 60 Ma, the age range of granodiorite and hydrothermal minerals in the deep chalcopyrite-bornite (cpy-bn) and near-surface chalcocite-enargite (cc-en) zones of the Red Mountain porphyry Cu-Mo resource (Table 1A , B).
Discussion
Duration of magmatic successions that include porphyry Cu deposits
Thermal modeling of magma cooling and duration of related hydrothermal systems has shown that individual magmatic-hydrothermal events have relatively short lifetimes, mostly tens to hundreds of thousands of years, for intrusions comparable in size and composition to those that form porphyry Cu deposits (Norton, 1982; Hanson, 1995; Cathles et al, 1997; Chiaradia et al., 2013) . Geochronology of large porphyry Cu districts has demonstrated lifetimes of <100,000 to several hundred thousand years (e.g., Grasberg, Indonesia: Pollard et al., 2005 Chesley and Ruiz, 1997; Parry et al., 1997 Parry et al., , 2001 von Quadt et al., 2011) , illustrating that some large deposits form during clusters of closely timed and spaced magmatic-hydrothermal events. Single-zircon geochronology has distinguished age differences of several tens of thousands of years among individual intrusions that comprise the Bajo de la Alumbrera porphyry Cu system , which formed within the age range of maximum zircon chronology precision (~1-10 Ma; Chiaradia et al., 2013) .
Some porphyry Cu deposits form within magmatic successions that considerably exceed district lifetimes. Long-lived magmatic successions with multiple metal-concentrating hydrothermal events, comparable to the ~16 m.y. succession in the Patagonia Mountains, have been documented elsewhere in the western U.S. Successions longer than 9 m.y. that contain porphyry Cu systems and other types of magmatichydrothermal metal deposits include the central WasatchOquirrh igneous trend, Utah, the Boulder batholith-Butte porphyry Cu system, Montana, and the Pima porphyry Cu district, Arizona. These successions comprise multiple stages of igneous and hydrothermal activity separated by significant time intervals as recognized from both field studies and radioisotopic dating (Fig. 9) . Episodic magmatism of similarly long duration also has been documented in more deeply eroded 
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M is s io n -P im a , S a n X a v ie r N o rt h , T w in B u tt e s C u -M o S ie rr it a -E s p e ra n z a C u -M o S ie rr it a -E s p e ra n z a C u -M o magmatic-hydrothermal successions, western US 62 Ma at numerous locations throughout the range. Associated metal deposits include the Ventura Mo-Cu breccia inventory (3.6 Mt @ 0.24 wt % Mo and 0.24 wt % Cu), several Cu-PbZn-Ag vein and replacement deposits, and the Red Mountain porphyry Cu-Mo deposit which contains a deep chalcopyritebornite inventory (~60.4 Ma; 434 Mt @ 0.64 wt % Cu, 0.011 wt % Mo) associated with potassic and sericitic alteration, and a near-surface chalcocite-enargite inventory (~60 Ma; 100-150 Mt @ 0.31 wt % Cu, 0.022 wt % Mo) associated with advanced argillic alteration and enriched by supergene processes.
4. Large-volume intrusions, which comprise most of the Patagonia Mountains batholith, were emplaced between 61 and 59 Ma. This fourth and final event includes spatially distinct intrusions and hydrothermal systems that formed the Red Hill Cu-Mo breccia inventory (Four Metals mine; 7.8 Mt @ 1.2 wt % Cu, 0.0.066 wt % Mo, 0.08 oz/t Ag), numerous Ag-Cu-Pb-Zn-Mn deposits, including the Hardshell inventory (314 Moz Ag), and the Sunnyside porphyry Cu-Mo deposits. Sunnyside, ~4 km south of the Red Mountain system, consists of a ~60 to 59 Ma, deep chalcopyrite inventory (~1.5 Gt @ 0.33 wt % Cu, 0.011 wt % Mo, 0.16 oz/t Ag), and a 59 to 58 Ma, near-surface enargite-chalcocite-tennantite inventory (~800 Mt @ 0.175 wt % Cu, 0.23 oz/t Ag).
The four magmatic-hydrothermal events thus together span ~16 m.y. from 74 to 58 Ma, implying that the position of the Laramide arc in this region was relatively stable for at least 16 m.y. The major known porphyry Cu-Mo systems at Red Mountain and Sunnyside developed only during the last two events over a period of ~3 m.y. Processes occurring at multiple sites in the lithosphere and at different times scales from >10 m.y. to less than existing geochronologic precision, probably are responsible for the variety of intrusions and metal deposits exposed in the Patagonia Mountains.
